S tereotactic CT-guided intraoperative navigation is becoming commonplace in adult spine surgery. Navigation may improve the accuracy of screw placement, guide resection, and allow confirmation of appropriate screw position before completion of the case. Previous studies have evaluated the efficacy of navigation in the adult cervical spine, 16, 17, 28, 36 but there is very little information regarding its use in children. There are a number of specific concerns and challenges in performing navigation in the cervical spine of young children. The authors review their initial experience with CT-guided navigation in 8 children 10 years of age or younger.
with upper cervical spine surgery using intraoperative cone-beam CT (O-arm, Medtronic) coupled with stereotactic navigation (StealthStation, Medtronic) at Riley Hospital for Children in Indianapolis, Indiana, was performed. The following data were recorded for each patient: age, diagnosis, results of preoperative neurological examination, procedure performed, instrumentation used, estimated blood loss, operative time, length of hospital stay, complications, and clinical course. The study began after Institutional Review Board approval was received.
Screw position was assessed by either an intraoperative or immediately postoperative CT scan, according to the modified classification of Gertzbein and Robbins. 11, 23, 35 We considered "properly placed" screws to be Gertzbein and Robbins Grade A, i.e., the screw completely contained within the cortical bone, allowing for bicortical purchase when intended. Furthermore, a "properly placed" screw conformed to the expected trajectory and anatomical target indicated by the navigation device.
surgical technique
Prior to surgery, all images are reviewed. For posterior procedures, all patients are placed in the prone position with 3-point pin fixation. A standard suboccipital and upper cervical spine exposure is performed.
The navigation system requires a reference frame that may be attached to the head holder or directly to the spine. Our preference is to attach the frame directly to a spinous process for screw placement in posterior surgeries. The frame is attached to the head holder for ventral approaches (the patient in Case 8).
In younger patients, generally only the spinous processes of C-2 and C-7 are large enough to support the frame. In most cases, we attach the reference frame to the spinous process of C-2. Figure 1 shows the layout of the room, with the camera at the head of the bed and the reference frame leaning cephalad. This allows the proper angle for placement of a C-2 pedicle screw without interference from the frame. This orientation also allows placement of C-1 lateral mass screws.
After attaching the reference frame, the wound is filled with irrigation. Self-retaining retractors are left in place. The wound is covered with sterile towels, followed by sterile sheets, with the reference frame visible. The O-arm device is brought into the field and the relevant anatomy is centered with scout x-ray views. A CT scan is performed via an O-arm "spin." The O-arm is set to preprogrammed settings for a "small" spine patient. The O-arm and drapes are removed, the instruments are registered to the navigation device, and the accuracy is confirmed with bony landmarks.
For screw placement, an entry point is chosen based on navigation ( Fig. 2A) . A projection is used to plan the trajectory of the screw. The trajectory is chosen to afford acceptable bony purchase without undue risk to the vertebral artery or nervous structures. A small hole in the bony cortex is created with a high-speed drill. A navigated hand drill is then used to cannulate the pedicle or pars. The width and length of the screw is projected on the navigation device ( Fig. 2B) . A ball probe is used to palpate the pedicle. The pedicle is then tapped with a navigated instrument and a screw is placed.
After placing the navigated screws, the entry point for the occipital screws is determined. Navigation allows precise location of the thickest area of the bony keel. This is important in small children because, only a few millimeters off the midline, the skull may be too thin to accommodate a screw in a young child. The occipital screw trajectory is generally fixed as perpendicular to the outer bone cortex. Thus we use navigation only for entry point localization, not for occipital screw placement.
Once the navigation is completed, the reference frame is removed. Non-navigated screws are then placed. C-2 translaminar screws are placed according to the modified Wright's technique using anatomical landmarks. 18 Prior to closure, the O-arm is brought back into the field and a second "spin" is performed. This allows confirmation of hardware placement prior to closure. We reattach the reference frame in case screw replacement or repositioning is needed.
results
A total of 8 consecutive patients were studied (Table 1 ). There were 4 girls and 4 boys, ranging from 17 months to 10 years of age. Seven patients had instrumentation placed with navigation. Navigation was used to guide resection in 3 patients (patients in Cases 5, 7, and 8). The patient in Case 8 had posterior instrumentation placed at a prior surgery; navigation was used to assist the ventral bony decompression.
A total of 14 screws were placed with navigation ( Table  2 ). There were 5 screws placed in the pedicle of C-2. The measurement of the pedicle width is given. In 1 case, the height of the pedicle measured on sagittal CT scan was the smallest dimension; this measurement is recorded. The pedicle widths ranged from 3.6 to 5.7 mm (average 4.2 ± 0.9 mm).
All 14 screws were "properly placed" (Gertzbein and Robbins Grade A), as confirmed by CT scan. There were no complications with screw placement, including both screws placed with navigation and those placed with a freehand technique. No patient had a decline in neurological status after the surgery. There were no injuries to vertebral or carotid arteries. No patients required revision surgery in the immediate postoperative period.
illustrative cases case 1
A 17-month-old child was involved in a high-speed motor vehicle accident. Initial CT scanning showed a cranial subdural hematoma and anterior soft-tissue swelling in the upper cervical spine. MRI showed significant ligamentous damage and anterior soft-tissue swelling (Fig. 3A) . The subdural hematoma did not require surgical intervention. The cervical injury was considered mechanically unstable. Despite her injuries, she was neurologically intact. After the patient became clinically stabilized, she was taken to the operating room for occipitocervical fusion.
We planned fixation at C-2, with a combination of a translaminar screw and a contralateral pedicle screw. Given her young age, her pedicle was narrow ( Fig. 3B ). With navigation, a 3.5-mm screw was placed safely in a pedicle measuring 3.6 mm in width (Fig. 3C ). The patient recovered well from surgery and has no neurological deficits.
case 7
A 10-year-old girl presented with sudden onset of atraumatic neck pain. Imaging showed a pathologic fracture of C-3 ( Fig. 4A ). A CT angiogram showed a lesion that extended from the vertebral body to the facet and completely surrounded the right vertebral artery (Fig. 4B ). She had no neurological deficits.
The patient was taken for a combined anterior-pos- terior (AP) approach. A C-3 corpectomy was performed through an anterior approach. The anterior column was reconstructed with a biomechanical graft and cervical plate. The patient was flipped to the prone position for resection of the facet and posterior elements. Navigation was used to tailor the resection of the pedicle and to help identify the vertebral artery. Navigation was then used for placement of 2 C-2 pars screws ( Fig. 4C ) and lateral mass screws on the left C-3 and bilateral C-4 facets. An intraoperative view (Fig. 4D) shows the extent of resection with exposure of the thecal sac and vertebral artery. The final construct is shown in Fig. 4E .
discussion
CT-based stereotactic navigation has gained acceptance in adult spine surgery. Potential advantages of navigation include improved accuracy with a decreased likelihood of reoperation or injury to vital neurovascular structures. 31, 37 Navigation also may aid in determining the extent of bony decompression. 13 Previously, pediatric upper cervical fusion was achieved with nonrigid fixation and onlay techniques with postoperative halo fixation. 27, 32 Rigid screw fixation provides superior mechanical stability and improved fusion rates compared with nonrigid techniques. 4, 9, 10, 14, 21 Rigid screw fixation often obviates the need for postoperative halo fixation. There are anatomical studies evaluating the feasibility of commercially available screws in the pediatric population. 9, 10 There are significant anatomical differences between pediatric and adult cervical spines. These differences include ligamentous laxity, increased mobility, incomplete ossification, potential congenital anomalies, and relatively small bone size. 4, 12 Screw fixation in younger children may be technically difficult for these reasons. Improperly placed screws may injure vital structures or may have less mechanical stability compared with properly placed screws. We hoped that CT-guided navigation would allow precise placement of the largest possible screw in this small and possibly anomalous bone. The object of this study was to evaluate our initial experience with the feasibility of this technique in younger children.
We considered the C-2 screws to be the most critical screws for navigation. Upper cervical constructs often rely on strong fixation in C-2 because, even in younger children, this bone tends to be large enough to anchor stable screws. We have previously published the results and discussed the advantages of C-2 translaminar screws, namely, low risk of injury to the vertebral artery and large screw purchase area. 30 A single C-2 translaminar screw can be placed in almost all young children. However, placement of 2 translaminar screws is generally not feasible in children younger than 16 years of age. 4 Therefore, we prefer a construct with a translaminar screw coupled with either a contralateral C-2 pars or pedicle screw. An additional advantage of this construct is that only 1 vertebral artery is at risk from screw placement. The choice of a pars or pedicle screw is dictated by the patient's bony anatomy and vertebral artery course. The C-2 pars lies between the inferior and superior articular facet, whereas the pedicle connects the inferior articular facet to the vertebral body. 8, 34 Both the pars and pedicle are potential targets for instrumentation. The pullout strength of a C-2 pedicle screw is greater than that of the pars. 34 In very young children, the pars may be quite small and only allow a few threads of screw purchase; therefore, a pedicle screw may be preferred if anatomically feasible. This may require threading the screw through a very narrow area. The average width of the C-2 pedicle isthmus of adults is approximately 6.9 mm in men and 6.5 mm in women. 20 In contrast, the pedicle widths of our 5 patients ranged from 3.6 to 5.7 mm, with an average of 4.2 ± 0.9 mm. Navigation allows placement of a commercially available 3.5-mm screw through this narrow target.
In the oldest patient (Case 7), we navigated subaxial lateral mass screws. Pedicle screws may have stronger pullout strength in the subaxial cervical spine, 19 but have an increased risk of vertebral artery or nervous injury. Lateral mass screws are well accepted in adults, in whom fairly robust screws can be anchored safely. This patient's anatomy was closer to an adult configuration; thus we considered the lateral masses suitable for adequate screws.
There are previously published studies evaluating the efficacy of image-guided screw placement within the thoracolumbar spine of a pediatric population. Larson et al. studied the efficacy of image-guided navigation for the placement of pedicle screws in patients with pediatric scoliosis. 24, 25 The authors reported 96.4% accuracy while placing 984 pedicle screws in the thoracic, sacral, and lumbar spines of 50 consecutive patients. 25 During this study period, the same navigation system was used to place 1511 adult pedicle screws with an accuracy of 98.2%. 25 The accuracy within the pediatric population was favorable compared with the results of a meta-analysis assessing accuracy of non-navigated screws. 25, 26 Although this study has a number of limitations, it demonstrates a potential benefit for the use of navigation in the thoracolumbar spine.
One potential advantage of this technique is the ability to analyze screw placement before leaving the operating theater. Prior studies evaluated the use of intraoperative CT scanning for evaluation of hardware placement in pediatric cervical spine surgery. 1, 6, 7, 21 In an analysis of 31 pediatric patients with craniocervical instability, Karandikar et al. found intraoperative CT to be beneficial in reducing the number of revision surgeries for correction of misplaced instrumentation. 21 In this study, 18 of 47 C1-2 transarticular screws were "suboptimally placed" using standard techniques. Eleven of these 18 screws were revised during the same operation based on intraoperative CT results. Note that CT-guided navigation was not used to place the screws. Dahdaleh et al. used intraoperative CT to evaluate for appropriate reduction of basilar invagination and atlantoaxial rotary subluxation. 6, 7 Attia et al. used intraoperative CT to perform reduction and fusion in patients with traumatic atlantoaxial rotary subluxation. 1 In their report, intraoperative CT was specifically used to guide C-1 lateral mass and C-2 pedicle screws. 1 Their evaluation was limited to a single pathology and procedure. Rajasekaran et al. describe the use of the Iso-C navigation system for placement of 51 cervical pedicle screws in 16 children. 29 
technical Nuances in younger children
Screw navigation is now commonplace in adult spine surgery. There are a number of factors that must be considered when applying navigation techniques in young children. The physical size of the surgical exposure is much smaller in children compared with adults. The incision length required to expose the occiput to C-7 may be only a few centimeters in a very young child. The spinous processes are smaller. The restricted size limits the available space for surgical instruments. Therefore, placement of the reference frame must be very precise. The frame must be placed in such a way that it does not interfere with placing the screws. Therefore, we prefer to angle the frame superiorly, allowing access to C-1 and C-2.
The upper cervical spine is much more mobile in younger children compared with adults. Navigation relies on the relationship of the target to the reference frame. If the frame is fixed to the head holder, movement of the targeted bone will introduce error. Therefore, we attach the frame directly to the bone. Ideally, it should be attached to the bone where navigation is needed the most; this is generally C-2. Cannulating the pedicle requires application of downward force. This may move the bone in the flexible pediatric spine. If the frame is attached to the same bone, it will then move with the bone, keeping a consistent spatial relationship and thus preserving navigation accuracy (Fig. 5) .
The reference frame must be placed with great care. The bone of the young child is much more fragile than that of an adult. The frame may crush or fracture the bone, even at C-2. The surgeon must take great care to ensure stable frame anchoring without damaging the underlying bone. After registration, accuracy must be confirmed with direct visual cues.
CT-guided navigation provides a number of advantages compared with standard fluoroscopic (C-arm) imaging. Fluoroscopic navigation allows visualization in lateral and AP orientations. In contrast, CT-guided imaging provides axial and trajectory views ( Fig. 2A and B ), in addition to lateral and AP views. This is critical when trying to navigate a small screw through a restricted area. Navigation allows planning of the entry point on the respective bony landmark and confirmation of the thickest part of the midline keel for occipital screws.
We did not encounter any complications with this tech-nique. We navigated 14 screws, including 5 into the C-2 pedicle. All screws were properly placed (Gertzbein and Robbins Grade A), as confirmed by CT scan.
Potential limitations
Navigation is becoming commonplace in busy spine centers. However, there is a significant cost to purchasing an intraoperative CT scanner, navigation software, and the appropriate equipment. 15 There may be a learning curve when applying new technology. Although we did not specifically compare the study population to our prenavigation cases, our anecdotal experience is that this technique decreases operative time once the staff is familiar with the surgical flow. This may be an area of future study.
Perhaps the most concerning aspect is the use of ionizing radiation, especially in a young child. Ionizing radiation is a risk factor for development of cancer. There are multiple mathematical models and population-based studies predicting an alarming number of future cancers directly caused by CT scanning. 2, 3, 5, 22, 33 The use of intraoperative CT scanning exposes the patient to radiation, as does fluoroscopy. According to the manufacturer, a single spin in a small patient with current protocols provides a radiation dose of 19.68 mGy ("O-arm Imaging System Version 3.1 Dosimetry Report November 2009 with addendum August 2011," Medtronic Navigation, Inc., Document Nr: BI-150-00155 Rev 2). This is equivalent to 163 seconds of regular fluoroscope and 62 seconds of boost fluoroscopy. For multiple navigated screws (such as for scoliosis, long-segment fusions), we have found a decrease in total radiation exposure with a single spin, compared with multiple AP and lateral C-arm views for each screw. We consider the radiation exposure to the surgical team The frame is attached to the spinous process of C-2 and angled cephalad over the head. This allows the surgeon to work in the necessary space for C-2 (and C-1) screw placement, without interference from the frame. The pediatric cervical spine is much more mobile compared with an adult cervical spine. The C-2 bone may move with minimal downward force, especially if the child has ligamentous injury. The frame will move with the bone, maintaining a consistent spatial orientation and preserving navigation accuracy (inset). Copyright Elyssa Siegel. Published with permission.
to be an underappreciated and understudied factor. This technique significantly reduces the exposure to the surgeon and operating room staff, as only 1 or 2 doses of radiation are applied while the team is well away from the source. This is in contrast to potentially multiple exposures in close proximity to a fluoroscope.
conclusions
The use of intraoperative image-guided navigation has the potential to improve accuracy of decompression and instrumentation while decreasing the morbidity and mortality associated with pediatric cervical spine operations. Our initial experience suggests that image-guided navigation may be a useful, efficacious tool for pediatric spine surgeons. In our initial experience, all 14 screws were properly placed, as confirmed by CT scan.
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